Toll-like receptors (TLRs) play an important role in innate immunity to virus infections. We investigated the role of TLR3 in the pathogenesis of H5N1 and pandemic H1N1 (pH1N1) influenza virus infections in mice. Wild-type mice and those defective in TLR3 were infected with influenza A/HK/486/97 (H5N1) or A/HK/415742/09 (pH1N1) virus. For comparison, mice defective in the gene for myeloid differential factor 88 (MyD88) were also infected with the viruses, because MyD88 signals through a TLR pathway different from TLR3. Survival and body weight loss were monitored for 14 days, and lung pathology, the lung immune-cell profile, viral load and cytokine responses were studied. H5N1-infected TLR3 "/" mice had better survival than H5N1-infected WT mice, evident by significantly faster regain of body weight, lower viral titre in the lung and fewer pathological changes in the lung. However, this improved survival was not seen upon pH1N1 infection of TLR3 "/" mice. In contrast, MyD88 "/" mice had an increased viral titre and decreased leukocyte infiltration in the lungs after infection with H5N1 virus and poorer survival after pH1N1 infection. In conclusion, TLR3 worsens the pathogenesis of H5N1 infection but not of pH1N1 infection, highlighting the differences in the pathogenesis of these two viruses and the different roles of TLR3 in their pathogenesis.
INTRODUCTION
Both pandemic H1N1 (pH1N1) and highly pathogenic avian influenza (HPAI) H5N1 viruses pose a significant threat to public health. The pH1N1 virus has spread globally, but pH1N1 infection is clinically relatively mild (Presanis et al., 2009) . However, pH1N1 can cause severe disease and death, especially in pregnant women or people with underlying diseases. HPAI H5N1 continues to zoonotically infect humans and causes severe disease with an apparently high mortality rate, but has not acquired efficient human-tohuman transmissibility. Innate immunity dysregulation is believed to play a role in the pathogenesis of severe influenza infection (Peiris et al., 2009 ).
Toll-like receptors (TLRs) play an important role in induction of innate immunity after influenza and other virus infections, but their biological role remains controversial (Daffis et al., 2008; Le Goffic et al., 2006; Gowen et al., 2006 Gowen et al., , 2007 Majde et al., 2010) . On one hand, TLR3-deficient mice were reported to have higher survival (Le Goffic et al., 2006) and milder behavioural changes associated with influenza virus infection (Majde et al., 2010) after challenge with mouse-adapted, low-pathogenic influenza A viruses. Infection of TLR knockout (TLR3 2/2 ) mice with the phlebovirus Punta Toro is associated with reduced disease severity (Gowen et al., 2006) . On the other hand, TLR3
2/2 mice have been found to be more susceptible to encephalomyocarditis virus (EMCV) infection (Hardarson et al., 2007) and to have increased mortality and neuroinvasion after West Nile virus infection (Daffis et al., 2008 (Perrone et al., 2010; Salomon et al., 2007; Zheng et al., 2008) and are typically neurotropic. This makes it difficult to evaluate these strains in mouse models because the severe disease and death seen in human H5N1 disease is due to respiratory distress rather than encephalitis in most patients (Uiprasertkul et al., 2005 ; Writing Committee of the Second World Health Organization Consultation on Clinical Aspects of Human Infection with Avian Influenza A (H5N1) Virus, 2008) . Thus, we chose A/HK/486/97 for our study as this virus in mice produces lung pathology with no virus dissemination to the brain, reflecting the extent of disease observed in humans (Tumpey et al., 2000) . Furthermore, for our study to be physiologically relevant, we used viruses that have not been adapted in mice or in embryonated eggs.
We demonstrated that TLR3 signalling is detrimental in H5N1 virus infection, but not in pH1N1 virus infection. These findings have relevance to the pathogenesis of H5N1 and pH1N1 influenza, and in the understanding of the role of TLR receptors in the pathogenesis of severe influenza infection.
RESULTS

TLR3
"/" mice show improved survival and less body weight loss after challenge with H5N1 but not with pH1N1 influenza virus
2/2 and WT mice were challenged with 1 LD 50 of HPAI H5N1 or pH1N1. While 50 % of the WT mice died after H5N1 challenge, none of the TLR3 2/2 mice died (P,0.001) (Fig. 1a) . However, increased survival was not observed in TLR3
2/2 mice challenged with 1 LD 50 of pH1N1 (Fig. 1b) . Comparing the survival of MyD88 2/2 and WT mice, there was no significant difference upon HPAI H5N1 infection (Fig. 1a ), but MyD88 2/2 mice had significantly worse (P50.01) survival after pH1N1 challenge (Fig. 1b) .
Upon H5N1 challenge, body weight loss in TLR3 2/2 and WT mice was comparable until day 8 post-infection (p.i.), after which TLR3 2/2 mice regained body weight faster 
Change in body weight (%) Change in body weight (%) Fig. 1 . Survival and weight loss in mice after challenge with 1 LD 50 HPAI H5N1 or pH1N1 virus. Survival of WT, TLR3 "/" and MyD88
"/" mice after challenge with HPAI H5N1 (a) or pH1N1 (b) virus. TLR3 "/" mice had a significantly improved survival compared with WT mice after challenge with H5N1, but not with pH1N1. MyD88 "/" mice had a poorer survival after challenge with pH1N1, but there was no significant difference between H5N1-infected MyD88
"/" and WT mice. Percentage weight loss of WT, TLR3
"/" and MyD88 "/" mice after challenge with H5N1 (c) or pH1N1 (d) virus; asterisks denote statistically significant differences between WT and TLR3 "/" mice. The data represent means±SEM (TLR3 "/" , n520; WT, n522; MyD88
, n518 for H5N1 infection. TLR3
"/" , n514; WT, n512; and MyD88
, n57 for pH1N1 infection). Statistical significance of differences is denoted as: *, P¡0.05; **, P¡0.01; ***, P¡0.001. from day 9 until day 12 p.i. than WT mice (P,0.05) (Fig.  1c) . However, TLR3 2/2 mice had significantly greater weight loss than WT mice from day 6 to 8 after pH1N1 challenge (Fig. 1d) . In comparison, MyD88 2/2 mice did not differ in weight loss from WT mice upon challenge with H5N1 or pH1N1 virus. Although the same challenge dose of virus (1 LD 50 ) was used for both H5N1 and pH1N1, the loss in body weight of mice in the first 5 days after the challenge was minimal in H5N1 infection regardless of the mouse strain used. In contrast, pH1N1 infection decreased body weight in all mouse strains from day 1 p.i. (Fig. 1c, d ).
"/" mice clear viruses significantly faster in the lungs
The viral titre in the lungs of H5N1-infected TLR3 2/2 mice was significantly lower than in WT mice at day 10 p.i. (P50.01), while at the other time points (days 3, 7 and 9 p.i) titres were not significantly different between TLR3
2/2 and WT mice (Fig. 2a) . No virus was isolated from the brain of TLR3 2/2 and WT mice at any time point. Furthermore, there was no difference in antibody titre in serum at days 5 and 7 p.i. between TLR3 2/2 and WT mice (Fig. 2b ). In contrast, in comparison with WT mice, MyD88 2/2 mice had a significantly higher viral titre in the lung on days 7 (P50.002) and 9 p.i. (P50.04) (Fig. 2a) ).
Lungs of TLR3
2/2 mice challenged with pH1N1 at days 3, 7 and 9 p.i. had a viral titre similar to that in lungs of WT mice, while MyD88 2/2 mice had a significantly higher virus titre compared with WT mice at days 3 p.i. (P50.03) and 7 p.i. (P50.008) (Fig. 2c) , MyD88 "/" and WT mice after challenge with 1 LD 50 of H5N1 at days 3, 7, 9 and 10 p.i. The viral titre in TLR3
"/" mice was significantly lower than in WT mice at day 10 p.i. Viral titre in MyD88
"/" was significantly higher than in WT mice at days 7 and 9 p.i. (b) Serum antibody against A/HK/486/1999 H5N1 virus in TLR3
"/" and WT mice at days 5 and 7 p.i. The dotted line indicates the detection limit. (c) Viral titres in lungs of pH1N1-infected TLR3 "/"
, MyD88
"/" and WT mice. At days 3 and 7 p.i., the viral titre in MyD88 "/" mice was significantly higher than in WT mice. Viral titre in MyD88 "/" mice at day 9 p.i. was not determined as most of these mice had succumbed to the infection by this time. The data represent means±SEM (n5 3-7 per group). Viral titre was determined in MDCK cells. Statistical significance of differences is denoted as: *, P¡0.05; **, P¡0.01. ND, Not determined.
MyD88
2/2 and WT mice, and of pH1N1-infected TLR3
and WT mice, were studied at days 3 and 10 p.i. At day 3 p.i, H5N1-infected TLR3 2/2 , MyD88 2/2 and WT mice had comparable lung pathologies (determined by grading of the haematoxylin and eosin staining of lung sections) (Fig. 3a) , as did pH1N1-infected TLR3 2/2 and WT mice. The numbers of macrophages, neutrophils and CD3 + T cells, and of influenza A nucleoprotein + cells in mice. The data were analysed by flow cytometry on a FACS LSRII. The data represent means±SEM (n53). Statistical significance of differences is denoted as: *, P¡0.05; **, P¡0.01; ***, P¡0.001.
lung sections of TLR3 2/2 and WT mice were comparable after infection with H5N1 and pH1N1. In contrast, H5N1-infected MyD88 2/2 mice had significantly lower numbers of macrophages (P50.003) and neutrophils (P50.008) in the lungs compared to H5N1-infected WT mice (Fig. 3b) . Comparing the number of lung neutrophils and CD3
+ cells at day 3 p.i. in H5N1-and pH1N1-infected WT mice, H5N1-infected mice had significantly higher numbers of neutrophils (P50.013), but lower numbers of CD3 + cells in the lungs (P,0.001). Similarly, numbers of CD3 + cells in H5N1-infected TLR3 2/2 mice were lower than in pH1N1-infected mice (P50.004) (Fig.  3b) . Further immune profiling by flow cytometry showed that the percentages of neutrophils, monocytes, dendritic, NK cells or NK T cells in the lungs of TLR3 2/2 mice were not significantly different from those in WT mice. In contrast, MyD88 2/2 mice had a lower percentage of neutrophils (P50.005) and a higher percentage of NK T cells (P50.002) in the lungs at day 3 p.i. (Fig. 3c ).
The extent of overall lung pathology in WT, TLR3
2/2 and MyD88 2/2 mice was compared using a scoring system of lung pathology at day 10 p.i. H5N1-infected lungs of WT mice exhibited severe peribronchial and perivascular inflammation with massive cell infiltrates; lungs of MyD88 2/2 mice exhibited less inflammation, while those from TLR3 2/2 mice had the least peribronchial and perivascular inflammation (Fig. 4a-c) . The mean histopathological scores in H5N1-infected WT, MyD88 2/2 and TLR3 2/2 mice were 9.93, 7.07 and 5.57, respectively, out of a total point score of 13, indicating that lungs of TLR3 2/2 (P50.002) and MyD88 2/2 (P50.039) mice had significantly fewer pathological lesions than those in WT mice, indicating an overall hierarchy of lung immunopathology. When the pathologies of the peribronchial and perivascular lesions of the lungs were considered separately, both TLR3 2/2 (peribronchial, 1.79, and perivascular, 1.93) and MyD88 2/2 mice (peribronchial, 2.21, and perivascular, 2.21) had significantly lower scores (peribronchial, P50.004 and P50.02, respectively; perivascular, P50.007 and P50.02, respectively) than WT mice (peribronchial, 3.13, and perivascular, 3.13). The parenchymal histopathological score, however, was significantly lower in TLR3 2/2 mice (1.86, P,0.001) than in WT mice (3.67), but in MyD88 2/2 mice (3.14, P50.21) this score was not different from that in WT mice (Fig. 4d) . Compared with H5N1-infected WT mice at day 10 p.i., H5N1-infected MyD88 2/2 mice had a significantly (P50.007) higher lung : body weight ratio while that of TLR3 2/2 mice was not different from WT (Fig. 4e ). Upon challenge with pH1N1, the severity of lung inflammation was not much different in TLR3 2/2 and WT mice (Fig. 4f, g ). Although the peribronchial lung histopathology score was higher in TLR3 2/2 than in WT mice (P50.016), the overall lung pathology score was comparable (Fig. 4h) . Comparing H5N1 and pH1N1 infection for both TLR3 2/2 and WT mice at day 10 p.i, a relatively lower lungpathological score at the parenchyma was observed in pH1N1-infected mice.
Cytokine expression in lungs of TLR3
"/"
, MyD88
and WT mice after infection with H5N1 or pH1N1
Prior to infection, there was no significant difference in any of the levels of cytokines examined in the lungs of TLR3 2/2 and WT mice. However, pre-infection levels of IFN-c, IL-1b, TNF-a, IL-12, IL-10, IL-6, chemokine (C-C motif) ligand (CCL)2, CCL3, CCL4, CCL5 CCL20 and chemokine (C-X-C motif) ligand (CXCL)10 were all significantly higher in MyD88 2/2 mice compared with WT mice (data not shown). Compared with WT mice, TLR3 2/2 mice had higher IFN-c (P,0.001), Il-1b (P50.013), CCL3 (P50.018), CCL4 (P50.033), CCL5 (P50.045) and CXCL10 (P50.032) at day 3 p.i., and MyD88 2/2 mice had lower IFN-c (P50.02) but higher IL-1b (P50.039) after H5N1 challenge. Upon challenge with pH1N1, TLR3
2/2 mice also exhibited higher lung IFN-c (P50.028) but with a different overall cytokine profile of significantly higher levels of IL-10 (P50.042) and CCL2 (P50.025) levels than in WT mice. IFN-c levels in pH1N1-infected MyD88 2/2 mice were also significantly higher (P50.02) than in WT mice (Fig. 5a, b) .
Overall, HPAI H5N1-and pH1N1-infected TLR3 2/2 mice produced different phenotypes, including survival, loss of body weight, rate of virus clearance, lung histopathology and immune-cell and cytokine profiles.
DISCUSSION
The discovery of the TLR family has led to a revolutionary change in our understanding of how immune systems recognize pathogens, and of the initiation of the innate and adaptive immune responses (Bowie & Haga, 2005; Finberg & Kurt-Jones, 2004) . TLR3 is known to recognize dsRNA and polyinosinic/polycytidylic acid (polyI : C) (Choe et al., 2005) . TLR3 uses TIR-domain-containing adaptor protein-inducing IFN-b (TRIF) to induce signalling pathways, whereas all other TLRs use MyD88 as the adaptor protein (Akira et al., 2006) . The MyD88-dependent pathway activates the transcription factor NF-kB and mitogen-activated protein kinases (MAPKs) for downstream signalling of inflammatory cytokines. The MyD88-independent pathway, however, uses TRIF, leading to the activation of transcription factor IFN receptor factor 3 (IRF3) and induction of type I IFN and NF-kB, which leads to the induction of inflammatory cytokines. .
This study reveals that TLR3 signalling is detrimental in infections with H5N1 but not in infections with pH1N1, both of which were lethal to WT mice, and TLR3 could thus be associated with the severe immunopathology of HPAI H5N1. When challenged with H5N1 virus, TLR3 2/2 mice had better survival and regained body weight faster than WT mice. At day 3 p.i., infiltration of lung macrophages, neutrophils and T cells, and the overall histopathologies, were similar in TLR3 2/2 and WT mice. The viral titres in the lung were comparable between the two groups of mice up to day 7 p.i. But by day 10 p.i., TLR3 2/2 mice had significantly fewer lesions in the lung and a significantly lower lung virus titre than WT mice. In contrast, pH1N1-infected TLR3 2/2 mice did not show improved survival, and the percentage of body weight loss was even greater at day 6 to day 9 p.i than in WT mice. The lung viral titre in pH1N1-infected TLR3 2/2 mice was still higher than that in WT mice at day 9 p.i., and the lung pathology was worse than that in WT mice at day 10 p.i. The role of TLR3 in pathogenesis is supported by the observation that a polymorphism in TLR3, rs5743313/CT, is associated with increased risk of influenza pneumonia in children (Esposito et al., 2012) . Whether this polymorphism is associated with an increase or decrease in TLR3 function is unclear, however. "/" and MyD88 "/" mice at day 10 p.i. after H5N1 influenza virus infection. The overall lung histopathology score of both TLR3
"/" and MyD88 "/" mice was significantly lower than that of WT mice. TLR3 "/" mice had less parenchymal, perivascular and peribronchial inflammation compared with WT mice; while MyD88 "/" mice had less perivascular and peribronchial inflammation, parenchymal inflammation was comparable to WT mice. (e) Lung-to-body weight ratio of H5N1-infected TLR3
"/" and MyD88 "/" mice compared with H5N1-infected WT mice at day 10 p.i. The lung-to-body weight ratios of MyD88 "/" mice were significantly higher than those of WT mice. Haematoxylin and eosin staining of lung sections (¾80) from WT (f), and TLR3
"/" mice (g) and the histopathology scores of the peribronchial, perivascular and lung parenchyma, and overall lung histopathology scores of WT and TLR3
"/" mice at day 10 p.i. after infection with pH1N1 (h). Pictures a, b, c, f and g are representatives of three mice per group. The data represent means±SEM (n53 per group). Statistical significance of differences is denoted as: *, P¡0.05; **, P¡0.01; ***, P¡0.001.
The challenge of WT mice with 1 LD 50 of H5H1 or pH1N1 revealed that mice showed a different pattern of body weight loss after infection with the two viruses. H5N1-infected WT mice had a significantly higher number of lung neutrophils and a lower number of T cells at day 3 p.i. than pH1N1-infected mice. There are marked differences in disease severity of H5N1 and pH1N1 infections in humans and in the profile of host responses induced in primary human respiratory epithelium Lee et al., 2010) . These differences may also account for the contrasting outcomes of these viruses in TLR3 2/2 mice. Infections with human H5N1 and pH1N1 in BALB/c and 
. Lung cytokine and chemokine levels in mice infected with H5N1 (a) or pH1N1 (b) at day 3 p.i. Cytokines and chemokines were measured from lung homogenates using R&D Systems DuoSet ELISAs. The data represent means±SEM (n53 per group). Asterisks indicate statistically significant differences between groups. *, P¡0.05; **, P¡0.01; ***, P ¡ 0.001.
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C57BL/6J mouse models lead to different disease outcomes in terms of survival, weight loss and lung-pathological features (Otte et al., 2011) . This highlights that the viral and host determinants responsible for the pathogenicity of H5N1 are different from those determining the pathogenicity of pH1N1 influenza infections.
A previous study using a lethal mouse-adapted, seasonal H3N2 influenza virus also found that TLR3 2/2 mice had improved survival (Le Goffic et al., 2006) . It may be possible that the mouse-adapted lethal H3N2 virus model is more akin to our (non-mouse-adapted) H5N1 infection of mice. TLR3
2/2 mice challenged with the phlebovirus Punta Toro also showed faster clearance of the systemic virus and an improved survival rate (Gowen et al., 2006) . Similarly, West Nile virus was more efficiently cleared from the spleen of TLR3 2/2 mice compared with WT mice (Daffis et al., 2008) . Conversely, TLR3
2/2 mice were more susceptible to EMCV infection (Hardarson et al., 2007) . It is interesting to note that enteroviruses such as EMCV do not activate RIG-I, and the host defence depends on the TLR3 and IFN-c pathway. Influenza, however, is a potent activator of RIG-I, and thus this may be the key difference between these two opposite phenotypes associated with infection of TLR3 2/2 mice. TLR3 2/2 mice were protected in an experimental model of polyI : C-induced shock and TLR3 2/2 mice responded with attenuated IL6, IL12p40 and IFN-c profiles . But this profile of cytokine induction was not observed in H5N1-infected TLR3 2/2 mice.
TLR3
2/2 mice appeared to show higher lung IFN-c levels after challenge with influenza viruses. The mechanism by which loss of TLR3 signalling may contribute to enhanced cytokine responses is intriguing. TLR3-Tg/IFNAR1 2/2 mice have been shown to have a higher expression of TLR3, but a lower expression of RIG-I and MDA-5 (Negishi et al., 2008) . Thus, it is possible that TLR3 2/2 mice have a compensatory increase in baseline expression of alternative innate-sensing receptors such as RIG-I and MDA-5, resulting in a more potent innate immune response to infection. While there is no evidence for such a mechanism at present, it deserves further investigation. Studies with Sendai virus have suggested that there could be a novel intracellular pathway that is independent of the TLR signalling pathway in triggering of DC maturation subsequently leading to antiviral response (Ló pez et al., 2004) . In addition, a study on the MyD88 adaptor-like (Mal) adaptor has demonstrated that this adaptor protein inhibits the polyI : C activation of IRF7, concomitant with IFN-b production, and it also negatively regulates TLR3 signalling. Whether TLR3
2/2 could conversely inhibit IRF7 activation and IFN-b production via Mal or other pathways requires further study (Siednienko et al., 2010) .
Previous studies have shown that mice deficient in IL-6 or MIP-1 did not differ in their response to H5N1 challenge. Mice defective in TNF-receptor 1 or those treated with antibody against TNF-a appear to have less weight loss after H5N1 virus challenge, although overall mortality is not affected (Szretter et al., 2007) . Others have shown that mice lacking both TNF and IL1 receptors exhibited reduced lung inflammation and delayed mortality after challenge with H5N1. Reminiscent of our own observations with TLR3-defective mice, the beneficial effect of the lack of TNF and IL1 signalling was observed only after challenge with H5N1 and not with PR8 (H1N1) virus (Perrone et al., 2010) .
We observed that MyD88
2/2 mice have poorer survival when challenged with low-pathogenic influenza viruses such as pH1N1, and the lungs of pH1N1-infected MyD88 2/2 mice have a higher viral titre. Comparable results have been reported in MyD88 2/2 mice challenged with PR8 (H1N1) (Seo et al., 2010) . Interestingly, H5N1-infected MyD88 2/2 and WT mice had comparable survival, even though MyD88 2/2 mice had increased levels of virus in the lung.
Lungs of MyD88
2/2 mice had decreased infiltration of macrophages and neutrophils, but increased NK T cells. These observations reinforce the fundamental differences in pathogenesis and the importance of innate immune activation between H5N1 virus and low-pathogenic influenza viruses such as pH1N1.
Conclusion
We have demonstrated that TLR3 signalling is detrimental to survival and pathology after H5N1 infection, but not after pH1N1 infection. These findings highlight the differences in pathogenic mechanisms between H5N1 and pH1N1 infections. Depending on the virus, different sensing pathways in innate immunity may be beneficial or detrimental to the overall outcome of infection, and this is key to understanding the pathogenesis of H5N1 influenza and the development of future therapeutic options. 23 , 10 24 and 10 25 dilutions of each virus. The LD 50 was calculated using the Spearman-Karber method. One LD 50 (equivalent to a dose of 10 6 TCID 50 for both viruses) was used in all challenge experiments to determine the pathogenesis of H5N1 and pH1N1 in knockout and WT mice.
METHODS
Mouse strains. Mice with genetic defects in the innate-sensing receptors TLR3 and MyD88 were provided by Dr S. Akira at Osaka University, Japan. They were back-crossed with the same genetic background C57BL/6N mice provided by the Animal Laboratory Unit of the University of Hong Kong, accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. The genotype was confirmed by extracting DNA from the ear flap using a Qiagen DNA kit, followed by PCR using the primers 59-CCAGAGCCTGGGTAAGTTATTGTGCTG-39 and 59-TCCAGAC-AATTGGCAAGTTATTCGCCC-39 for the WT allele, and 59-TCCA-GACAATTGGCAAGTTATTCGCCC-39 and 59-ATCGCCTTCTATC-GCCTTCTTGACGAG-39 for the mutated allele in TLR3-knockout 2/2 ) aged 6-9 weeks were anaesthetized using a mixture of ketamine and xylazine (1.88 and 0.11 mg per mouse, respectively), followed by inoculation with 1 LD 50 of H5N1 or pH1N1 virus. Mice were monitored daily for 14 days, and clinical symptoms and weight recorded daily. At days 5 and 7, four mice from each group were sedated using ketamine and xylazine, and blood was collected via the intracardial route, followed by euthanasia of the mice. Sera obtained were tested for antibody against the virus using a haemagglutination inhibition test.
Titration of infectious virus and studying cytokine induction in lungs. At days 3, 7, 9 and 10 p.i., mice were sacrificed with a dose of pentobarbital. Lungs and brain were dissected from three mice of each group, weighed and further homogenized with 1 ml PBS using a homogenizer (Omni tissue homogenizer; Omni International). The supernatant was aliquoted and stored at 280 uC for later titration of virus load and cytokines or chemokines. Titration of infectious virus in lung homogenates was carried out in MDCK cells, and the TCID 50 was calculated using the Spearman-Karber method. TNF-a, IFN-c, IL-1b, IL-12, IL-10, IL-6, IL-17, CCL2 (MCP-1) CCL3 (MIP-1a), CCL4 (MIP-1b), CCL5 (RANTES), CCL20 (MIP-3a) and CXCL10 (IP-10) were measured in lung homogenates using DuoSet ELISAs (R&D Systems).
Study of lung histology and immunohistochemistry. At days 3 and 10 p.i., lungs from another three mice were inflated with 1 ml of 10 % formalin/saline, and the whole organ was dissected and placed in 10 % formalin/saline for histology and immunohistochemistry. Tissues in 10 % formalin/PBS were processed and embedded in paraffin. mAbs to mouse macrophage F4/80 antibody (eBioscience), mouse neutrophils MCA1171G (Serotec), mouse CD3 (Abcam) and anti-influenza A nucleoprotein antibody Hb65 (European Veterinary Laboratories) were used for immunohistochemistry. The slides were scanned using a scanscope CS scanner (Aperigo Technologies), and the cells were counted using the software Aperigo Image Scope version 10.0.36.1805 (Aperigo Technologies). The results were expressed as the number of cells (100 mm 2 of cross-sectional area)
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. Histopathological scoring was performed by a pathologist and a researcher blinded to the experimental details of the infecting viruses and mouse strains; the scoring is based on a 13-point scale, which evaluates the airway, vascular and parenchymal inflammation as described elsewhere (Horvat et al., 2007) .
Isolation of mouse tissue and immune-cell profiling. At day 3 p.i., three mice were sacrificed, and their lungs were dissected and digested to study the immune-cell profile. The lungs were cut into small pieces and digested with collagenase II (1000 U) and DNase I (250 U) (Worthington) in Dulbecco's Modified Eagle's Medium (with 10 % FBS and 1 % penicillin/streptomycin) for 60 min at 37 uC. Digested lungs were homogenized and red blood cells were lysed. Cells were subjected to Fc receptor blocking (anti-CD16/CD32; eBioscience), and further stained with a panel of mAbs for innate and adaptive immune cells (all from Biolegend, unless indicated otherwise), for 30 min on ice. mAbs included: mouse CD11b, CD11c, Ly6G/C, Dx-5 and CD3 (eBioscience). Cells were fixed in 4 % para-formaldehyde for 30 min, and samples were acquired by flow cytometry on a FACS LSRII and analysed with FlowJo software.
Statistical analysis. Statistical significance of differences between any two groups compared was analysed using the unpaired t-test with a threshold of P,0.05 using GraphPad version 5.0 (GraphPad Software). Survival of mice was compared using Kaplan-Meier analysis and log-rank test.
